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ABSTRACT 

Chelicerata have evolved separately from other arthropods since the Early Cambrian and thus provide many peculiarities 
aside of convergences realized within the framework of the arthropod concept. The present study describes the current 
knowledge on sperm cells of chelicerates. The most primitive types are found in the primarily marine taxa, in particular 
within the Xiphosura. Pantopoda have already quite derived sperm tells. In both groups, distinct character deviations are 
observable between spermatozoa of different taxa. These demonstrate the applicability of comparative spermatology for 
phylogenetic or systematic considerations, The most drastic modifications of the basic plan of spermatozoa! structure are 
seen in the Arachnida. Representatives of all main taxa have now been studied, and their sperm cells are briefly discusscd. 
fn particular those of Araneac (spiders) and Acari (mites and ticks) have been extensively studied. The spider sperm cells 
are probably most interesting because of the various transport-forms such as encapsulated individual sperm cells (one cell 
per capsule: cleistospermia), capsules including several or numerous individual sperm cells (coenospermia and so called 
“spermat0phares ,> ) 1 and, probably exceptional in the whole animal kingdom, capsules containing fused, syncytial sperm 
(synspermia). Acari all have aflagellate sperm of an extremely differing structure, which allowed the successful application 
of sperm ultrastructure for systematic purposes. In a subgroup of Acari it was possible to correlate alterations in the sperm 
structure with modifications in the genital systems and sexual behaviour. Thus, an evolutionary concept of sperm 
development in this taxon is suggested. 


RESUME 

Spermatologie compare? des Chelicerata: synthese el perspectives 

Les Chelicerata ant dvolue independamment des autres arthropodes depths le ddbut du Cambrien ct done montrent de 
nombreuses particulantes ainsi que des convergences rdalisees dans le cadre du concept des arthropodes, Ce travail d£crit 
Tetat actuel de nos connaissances sur les spermatozoides des Chelicerates. Les types les plus prirmtifs som rencontres 
dans les taxons marins de maniere primitive, ert particulier les Xiphosura, Les Pantopoda ont deja des sperm atozoi des tres 
derives, Dans les deux groupes, des deviations distinctes des caractferes sont observes entre les spermatozoides de 
diff^rents taxons. Ceci demontre que la spcrmatologie comparee peut etre employee pour des considerations 
phylogenetiques ou systematiques. Les modifications les plus marquees du plan structural de base des spermatozoides sont 
rencontres chez les Arachmda. Des representants dc tons les taxons principaux ont mainlenant et£ Studies, et leurs 
spermatozoides som rapidement comments. En particulier, les spermatozoides des Araneae (araignees) et des Acari 
(acari ens, tiques) ont ct£ etudies de maniere exhaustive. Les spermatozoides des araignees sont probablement les plus 
interessants du fait des formes de transport vanees telles que les spermatozoides encapsul^s individuellement (une cellule 
par capsule: cleistospermie), des capsules contenant quelques ou de nombreux spermatozoides (coenospermie ou pretendus 
“spermatophores”), et, probablement exceptionnelles au sein du R£gne Animal, des capsules contenant des 
spermatozoides fusionnes ou syncytiaux (synspermie). Les Acariens ont tous des spermatozoides aflagell£s de structures 
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extrememem different^, ce qui perrnci d'utiliser avec succbs rultrastructure des spermamzoides pour Eli sysLematique, Dans 
un sous-graupc dcs Acariens il a etc possible de correJer les alterations dc la structure des apermatozoi'des avec dcs 
modifications du systems genital el du comporiement sexud De ee fait, on suggere l T existence d’un concept fivolutif du 
dcvetoppement des spermaEozoides dans ce taxon, 


Spermatozoa of Chelicerata are now well known from the comparative point of view. 
Several authors have included spermatological characters in their considerations on phylogenetic 
sy sterna tics of Chelicerata [117, 136, 137], comparative spermatology in general [33], on 
comparative spermatology as a tool in phylogenetic systematic* LI38], on arthropod phylogeny 
[32] or on insect spermatology [75], However, since not earlier than 1987 (Schizomida) [21] 
sperm cells of all main taxa had been described at least from one representative species, only an 
incomplete basis was available to these authors. Moreover, the many remarkable peculiarities 
shown by chelicerate spermatozoa require a separate study, This may stimulate further 
investigators to focus on spermatology of this interesting, diverse, and ancient group of 
arthropods, which has evolved separate from the other arthropods since the Early Cambrian [36, 

By far, the greatest structural diversity of spermatozoa is shown among the terrestrial and 
most species-rich Arachnida, which thus will dominate the following review. " 

OBSERVATIONS AND DISCUSSION 

General aspects 

Spermatozoa of Chelicerata represent the main categories of sperm structure distinguished 
today [32, 33, 35. 66, 74, 75]. 

The primitive sperm among chclicerates is only found in horse-shoe crabs (Xiphosura) [18, 
29. 56, 124] and is characteristic of those taxa exhibiting aquatic fertilization (aquasperm) [sensu 
74], This type is classically characterized by a spherical head containing the acrosomal complex 
and nucleus with condensed chromatin, a middle piece containing a few relatively large 
mitochondria, and an elongate sperm tail representing the flagellum. The distal centriolels 
connected by an elaborate anchoring complex to the plasmalemma. It is already distinctly 
modified, however, in the Xiphosura [1, 18] (Fig. 1), The acrosomal complex is remarkable 
because of its very long acrosomal filament (perforatorium) which runs through the nucleus and is 
coiled around it. The chromatin is not as condensed as is usually the case in mature spermatozoa. 
The number of rathei small mitochondria is quite high and a distinct middle piece is not always 
tecognizable since the mitochondria may be scattered throughout the cytoplasm surrounding the 
nucleus in the spherical head region [18]. There is also no prominent anchoring complex [18, 56] 
and the axoneme ol the flagellum may lack the central tubules (in the Indowest-Pacific species of 
Lathy pleas and Carcinoscorpius) [18, 147], 

The modified (derived) sperm (filiform-flagellate, biflagellate, or aflagellate to mention 
some obvious deviations from the primitive type) is characteristic of taxa exhibiting a modified 
fertilization. It is found thus in those aquatic (marine) taxa which have developed internal 
fertilization or are at least close to il and in terrestrial animals which depend on internal 
fertilization. Thus, in Chelicerata modified sperm cells are found in the marine Panlopoda and in 
Arachnida. which are primarily terrestrial animals. 

In Pantopoda (Pycnogonida), the sperm of Nymphon species are still close to the primitive 
type (Fig. 1). However, an acrosomal complex is lacking and the nucleus is elongated It is 
surrounded by longitudinally arranged microtubules which persist in the mature sperm cell 
Similar to xiphosurans, chromatin condensation is only weak. The proximal cemriole is reduced 
I here is a long flagellum in which considerable inter- and intraspecific variation in the axonemai 
pattern (3+0 to 18+0) Occurs [48, 49, 52]. The sperm cells of Nymphon are motile. On the 
contrary, the elongate, immotile spermatozoa of Pycnogomtm Uttomle are highly modified and 
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contain numerous longitudinally arranged microtubules (more than 1000) forming complex 
patterns. Aside of folded membranes (nuclear derivative?) found in the central part of the cell no 
further organelles were seen [49]. 



Fig, L — Diagrams of sperm of the primary marine 
die] iterates, Xiphosura and Pantopoda. 
a: Tachypleus gigas (Xiphostira) sperm are still 
close to the primitive type of sperm (aqiiasperm). 
The spermatozoon possesses a spherical head, a 
pronounced acrosomal complex, and a long 
flagellum. Note characters which deviate from the 
primitive sperm; very long acrosomal filament 
penetrating the nucleus and coiling around it* 
indistinct middle piece. In contrast to Lima!us 
polyphemits, this species has a flagellum with 
9x2+0 axoncme [IS], b: Ny m p ho n sp. 
(Pantopoda). The sperm is further derived. It lacks 
an acrosomal complex, the head is elonguLed. the 
middle piece is indistinct, iherc is only one 
ce utricle [49, 52J, AF, acrosomal filament; AV. 
acrosomal vacuole; N, nucleus. 


In Arachnida the main subtypes of modified sperm cells are distributed through the taxa as 
follows: filiform-flagellate (Scorpiones), coiled-flagellate {Pseudoscorpiones, Uropygi. 
Amblypygi, Araneae, Ricinulei), and aflagellate spermatozoa (Opiliones, Palpigradi, Solifugae, 
Aeari) [4-8. 12, 13, 29. 21, 32, 33]. However, this classification gives only a rough impression 
of the diversity found within Arachnida: any conventional structure of sperm cells may be varied. 
Fig. 2 gives an impression of the various types of sperm depicting an example of each of the 
major taxa. 

The extraordinary diversity may be first simply expressed by variations in magnitude. 
Sperm cells of Arachnida range between less than 2 urn (NicoletieUa /nfen/Acari-Actinotrichida; 
Sira ^wr/cwius/Opiliones-Cyphophthalmi) [5, ALBERTI, unpublished] to 1000 |im in the argasid 
lick Omithodorus tholozani (capacitated sperm cell; see below) [63]. 
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The individual sperm cell may be of a very complex structure (e.g. Pseudoscorpiones; 
certain Acari-Anactinotrichida: Fig. 2) or may be rather simple (e.g. Solifugae; certain Aeari- 
Actinotrichida) (5, 7j (Fig. 2). In the spider mite Tetranychus urticde (Acari-Actinotrichida), 
spermatozoa merely are comprised of a chromatin body, some cytoplasm, and a plasmalemma 
with tubular indentations [22], 

However, primarily arachnid spermatozoa possess the same set of organelles which 
characterizes the ground plan of the metazoan sperm cell [33-35] (see above). 

BACCETTI [32, 33] several times stressed the major evolutionary alterations in the 
arachnids: coiling of sperm cells and loss of flagellum. 

In the following, modifications of conventional structures will be described at first, and 
secondly, new types of organization will be considered. 

Acrosomal complex 

The acrosomal complex typically is composed of an acrosomal vesicle (vacuole) and an 
acrosomal filament (perforatorium) (Fig. 3). The space between acrosomal vacuole and 
plasmalemma is occupied by a more or less distinct substance termed preacrosomal (also 
extraacrosomal or periacrosomal) material. The acrosomal filament is part of the subacrosomal 
material containing actin filaments which are highly ordered [124]. Another component appears as 
an amorphous substance and is termed an intermediate substance. This acrosoma] complex is 
primarily present in all arachnid orders, probably with the only exception of Palpigradi, in which 
no acrosomal filament is found (however, only one species has been observed until now) [4], 
Sometimes these conventional structures achieve a peculiar organization. In contrast to certain 
other scorpions in which the acrosomal complex is at the tip of the elongate nucleus, in the sperm 
of Buthus occitanus the very small acrosomal vacuole is located aside of the helical anterior part of 
the nucleus. The subacrosomal material (more strictly the intermediate substance) surrounds the 
whole tip of the nucleus [8], comparable to the subacrosomal cone found in certain Onychophora 
[74, 75], A peculiar situation is observable in the opilionid Nemasioma lugubre [ALBERTI, 
unpublished] where subacrosomal material spreads between nuclear envelope and plasmalemma. 
Thus it apparently connects the latter to the nucleus and moulds the cell parallel to chromatin 
condensation and nuclear shaping [see also 81], At the first glance, the situation found in certain 
Acari-Anactinotrichida (namely in the vacuolated type of sperm) [6, 9, 13] is quite similar as in 
the opilionid just mentioned. Here the acrosomal vacuole is developed into a flat cistema growing 
from a central acrosomal plate [6,41,42]. This flat cistema is connected to the plasmalemma by 
preacrosomal material and the shape of the cell obviously is influenced by this (Fig. 8e). 

The preacrosomal material often contains filaments which are probably stabilizing the 
anterior region of the cell during the acrosomal reaction [124]. Such filaments were found in 
several Araneae [24, 26, 109] and in the micro whip scorpion Schizomuspalaciosi [21] (Fig, 3b) 
In the latter an intricate paracrosoma] lattice structure appears in the late stages of spermiogenesis 
as a transient structure (Figs 3d. 5). Regarding the various shapes of the acrosoma] vacuole one 
extraordinary example was already demonstrated from the Acari-Anactinotrichida (Figs 2, 8a, c, 
e). Another well-known example is that of pseudoscorpions. In this group the acrosomal vacuole 
continues into a spiral band which surrounds the elongate smooth nucleus [40, 133] (Fie;- 2). A 
peculiar sickle-shaped acrosomal vacuole was observed in Ricinuiei [20] (Fig. 3c). 

Finally it may be mentioned that certain taxa of Opiliones and Acari'have lost the acrosomal 
filament (as Prokoenenia wheeleri, Palpigradi) [4] or are completely devoid of an acrosomal 
complex. Sometimes this occurs in the same genus: Siro rubens (Opiliones) with all acrosomal 
components) [80], Siro duricorius without acrosomal complex [ALBERTI, unpublished]. 
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Nucleus 

Whereas the corkscrew appearance of the nuclear region in Pseudoscorpiones is derived 
from the peculiar spiral band (acrosomal vacuole), the nuclei of certain scorpions and of Uropygi 
themselves exhibit a helical, in Amblypygi and basically also in Araneae a corkscrew shape (with 
sharp edges) [8, 24, 40, 76, 103, 107, 126, .133, 134] (Fig. 5). In the latter and also in the 
uropygid Mastigoproctus giganteus, the acrosomal filament spirals around the periphery of the 
nucleus enclosed in a nuclear canal [24, 103, 107] (Figs 3e, 4, 5). In Amblypygi and Araneae 
there is a tendency toward asymmetry of the nucleus which extends beyond the implantation fossa 
into a postcentriolar nuclear elongation [12, 26], This asymmetry may be extremely developed in 
spiders of the genus Tetragnatha (Tetragnathidae) [12], in which the basis of the axoneme comes 
close to the acrosomal vacuole. On the other hand, the nucleus of Pholcus phalangioides 
(Pholcidae; Araneae) is nearly of radial symmetry, which is a derived characteristic as can be 
concluded by comparison with related taxa [24] (Fig. 5), 
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FIG. 2, — Synoptic view of spermatozoa of the terrestrial Araehnida (representatives of some taxa have secondarily 
invaded lirnnic and marine habitats), The spermatozoon of the scorpion is drawn in reduced length (full length: 
275 pm), Spermatozoa of Siro duricorius and Cheiridium museorum [original], others [4-7, 9, 21, 26, 76, 77]. 
Opilioacams: now Neocarus. Scale bar: 5 pm. 


A comparable tendency as in Tetragnatha, probably even more peculiar, is observable in the 
ricinuleid Cryptocellus honeti [20], In this species the axoneme is directly connected with the 
acrosomal vacuole, a situation - to the author's knowledge - not found anywhere else. However, 
the nucleus is not asymmetrical in contrast to Tetragnatha, though of extraordinary' shape. The 
anterior part is a thin tube containing the acrosomal filament (Fig. 3c). 
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Even though these are only few examples, it is evident, that the nuclei may exhibit a 
considerable variety of shapes. In the flagellate spermatozoa, whether filiform or coiled, it is 
basically a large elongate organelle (Scorpiones, Pseudoscorpiones, Uropygi, Ambiypygi, 
Araneae) [8, 20, 21, 76, 77, 103, 107. 126. 133, 134], which may even extend beyond the 
posterior end of the flagellum f Cryptocellus boneti) [20], It is of interest, also from the viewpoint 
of functional spermatology. that a manchette of microtubules is observed only in some of these 
spermatozoa, namely in those of Uropygi. Ambiypygi, Araneae and Ricinuiei [20, 24. 26, 76, 
126]. No manchette is found in Scorpiones and Pseudoscorpiones [40, 72, 77, 106, 133]. At this 
point it is not intended to continue the discussion on the possible function of a manchette of 
microtubules in nuclear shaping [see 21, 58. 127 for references]. It may only be mentioned that 
the microtubules exhibit alterations in their arrangement parallel to nuclear condensation in 
Schizonws palaciosi [21]. They follow exactly the sometimes aberrant configurations of the 
spermatid nuclei (e.g. in Tetragnatha) [12], The manchette microtubules disappear at the end of 
spermiogenesis (see the pantopod Nymphon , however). 

Another characteristic which largely varies within the Arachnida is the implantation fossa, a 
posterior region of the nucleus which usually contains the centrioles or their derivatives. The 
fossa may be a shallow, funnel-shaped indentation as in scorpions [S, 77], 
Uropygi/Thelyphonida [107], Ambiypygi [76, 126] and Pseudoscorpiones [40. 134], On the 
contrary, in Uropygi/Sehizomida and many spiders the implantation fossa is deep, sometimes 
making the sperm almost a hollow tube (e,g. Schizomus palaciosi- Schizomida, Pholcus 
phalangioides-hxAWt'Ac ) [21, 24] (Figs 4, 5). Often dense material occupies the lumen of the 
fossa. This material may be homogeneous, granular (e.g. Pholcus) or may contain filaments or 
microtubules [92], Within aflagellate spermatozoa an implantation fossa is observable only in 
opilionids. This is connected, in the genus Siro, with the transient appearance of a flagellum 
during spermiogenesis and is only a very shallow depression of the nuclear surface [80], 
Nevertheless, in other opilionids a deep and broad invagination which contains the centrioles may 
occur [78, 81, 125]. 

In the aflagellate spermatozoa elongate, bulky, spherical, disc-, and bowl-shaped nuclei 
may be encountered (Fig. 2). ft appears as if. after giving up the “basic plan” in early times, 
nearly any possibility of altering the shape of nucleus and cell has been realized. What is 
remarkable in particular with regard to the nucleus is the disappearance of the nuclear envelope in 


FlG, 3, Details ol spermatozoa ol various Chelicerata, a: Acrosomal region of Taclixplttus gigas (Xiphosura). Note 
acrosomal filament originating in the centre of a slight posterior indentation of the acrosomal vacuole and 
showing regularly arranged subfibres (actini and nucleus with only loosely arranged chromatin [181. x 53 000. 
b: Late spermatid of Filistata insidiatrix (Araneae), The cap-like acrosomal vacuole is sectioned transversely and 
the acrosomal filament composed ol subfibres is shown. The acrosomal vacuole is surrounded by thin filaments. 
Note manchette microtubules [ 241 . s 49 500. c; Spermatid of Cryptocellus boneti (Ricinuiei). The small, sickle 
shaped acrosomal vacuole is sectioned transversely (large arrowhead). It is surrounded by dense streaks. Note 
axoneme originating immediately behind the acrosomal vacuole (the nucleus lies parallel to the axoneme and is 
not shown in this figure). At left two of the dense plates w hich later ensheath the spermatozoon are seen (small 
arrowheads) (tompaie Figs. 2 and 5) [20]. \ 28 500. d: Spermatid of Schizomus palaciosi (Lropygi-Schizomida) 
The basis of the long acrosomal vacuole, which is deeply indented from behind, rests on the nucleus. The 
acrosomal filament is rather thick and shows the same pattern of subfibres as in Tachypleus gigas (compare a). 
Note the paracrosomal lattice structure, which is only present during a short period in spermiogenesis [21J. 
x ft? 000. e. Pan ol synspermium, i.e. the product of tour fused spermatids, of Segestria senocuiata {Araneae) 
showing basis of one axoneme and transverse sections through the coils of all four axonemes. Note 9x2 +3 
axonemal pattern (synapomorphy of Megoperculata: Uropygi, Ambiypygi and Araneae) and the absence of 
membranes separating the axonemes, what indicates the complete fusion between the four spermatids. A secretion 
sheath surrounds the synspermium [24], AF. acrosomal filament; AV, acrosomal vacuole; N. nucleus- PAL 
paracrosomal lathee structure; SH. sheath of secretion. 
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Solifugae and Acari-Actinotrichida at the end of spermiogenesis. In these taxa the acrosomal 
filament penetrates through the chromatin body and thus directly contacts the cytoplasmic matrix 
[6, 7] (Figs 6d, 8d). A similar situation is to the authors knowledge found only in Xiphosura 
[18,56! (Fig. 1). 

Midpiece 

Since the work of ANDRE [28] the differentiation of the middle piece and chondriome in 
scorpions is known in detail. This is an example of extensive reorganization of mitochondria into 
elongate tubular structures (compare Fig. 2). No comparable elongation apparently occurs in 
Amblypygi and the early derived spider Heptathela kimurai (Mesothelae) [103] in which 
numerous mitochondria are arranged helically. Though quite different, in these three taxa a typical 
middle piece is established with mitochondria surrounding the flagellum or the axoneme 
respectively (Figs 4.5). In pseudoscorpions a different situation is found. The mitochondria are 
very elongate, thin tubular structures which are attached to the basis of the axoneme but they are 
otherwise situated in the cytoplasm of the coiled spermatozoon (see below) independently from 
the axoneme, where they establish a mitochondrial ring [40, 125] (Fig. 2). Contrary to scorpions, 
in pseudoscorpions the mitochondria are attached to the bases of the flagellum by an intricate 
structure (compare Fig. 2). In Uropygi no middle piece is encountered [21, 107, & PHILLIPS, 
1986, pers. com.] (Fig. 5) as is the case in Ricinulei [20J. In Araneae, beside the primitive 
condition shown in Heptathela , mitochondria can be located without special arrangement (e.g. 
orthognalh spiders, several labidognath spiders) [24, 26] or can be completely absent [93, 104] in 
the mature spermatozoa. Sometimes mitochondria pass through a “primitive” position in 
spermiogenesis being for some time located at the posterior end of the nucleus close to the basis 
of the flagellum (Schizomus palaciosi, several Araneae) [12, 21] (Fig. 5: Schizomus). In the 
a flagellate spermatozoa mitochondria are found in various positions sometimes “embedded” in the 
nucleus or chromatin body respectively (in the opilionid genus Siro and certain Acari- 
Actinotrichida) [6, 27, 64, 80, 142] (Fig. 7). Spermatozoa of some taxa may be devoid of 
mitochondria (e.g. Tetranychus urticae/ Acari- ACtinotriehida) [22]. 

Axoneme 

The flagellum or axoneme respectively, if present, starts with two centrioles (Pantopoda arc 
different in this respect; see above) arranged coaxially, an arrangement also found in the 
Xiphosura [18, 56] (Fig. I). Thus this derived characteristic may be regarded as a synapomorpby 
of the chelicerates [136, 137]. Sometimes, however, the centrioles are arranged nearly 
orthogonally as in the mature spermatozoa of bird spiders [26]. Spermiogenesis reveals that this 
position is a derived arrangement in these spiders, probably caused by the coiling process, and 
follows a phase in which the centrioles are in tandem position. Even the original orthogonal 
arrangement is observable in the early stages of spermatogenesis [26]. 

One of the most interesting results from the viewpoint of comparative spermatology in 
Arachnology was the discovery of the 9x2 +3 axoneme in Araneae [103, 112], Uropygi [21, 
107] and Amblypygi [76, 126] demonstrating the close relationship of these taxa with a 
spermatological criterion (Fig. 3e). However, even this apparently very stable characteristic 
(compared with the variability found e.g. in scorpions) [8, 72, 77] is altered in certain spiders 
(Linyphiidae) in which a 9x2 +0 axoneme occurs [12]. Thus this axoneme is by convergence 
similar to that of the xiphosuran genera Tachypleus and Carcinoscorpius [18, 147] and several 
scorpions [72], 

Sometimes dense material surrounds the distal centriole thus probably establishing an 
anchoring complex (P hole us phalangioides , Dysdera sp.. Segestria senocuiata: Araneae) [24] 
(Figs 3e. 6b). In spiders the number of tubules constituting the centrioles may be reduced and/or 
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dense fibres may be attached to the base of the axoneme. In Cryptocellus boneti (Ricinulei) the 
proximal centriole disappears during late spermiogenesis [20]. 

The only case where an aflagellate spermatozoon reveals relicts of an axoneme is 
represented by the cyphophthalmid Siro [80]. In these tiny opilionids a flagellate stage is 
observable during spermiogenesis. 



FIG. 4. — Different shapes of nuclei of spermatids of spiders and iheir relation to acrosomal complex and axoneme. 
a: Hepiathela kimurai (Liphistiidae, Mesothelae). b: Filisiaia insidiatrix (Filistaiidae, Opisihoihelae). 
c: Teiragnatha montana (Tetragnathidae. Opisihotlielae). d: Photcus phaiangioides tPholcidae, Opislhothelae). 
The Filistata-type is the most common in spiders and may be close to the plcsiomorphic type of Opisthoiheiae 


A peculiarity of scorpions and pseudoscorpions is the flagellar tunnel surrounding the 
axoneme and separating it from the middle piece mitochondria (in scorpions) and from the 
cytoplasmic matrix respectively (of the coiled cell in the pseudoscorpions) (Fig, 2). Whereas in 
the scorpions the flagellar tunnel comprises a distinct extracellular space, this is completely absent 
in pseudoscorpions owing to the close apposition of the membranes, which in earlv stages had 
delimited it. In scorpions and in some pseudoscorpions a dense cylinder surrounds the flagellar 
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tunnel. A flagellar tunnel is also observable during spermiogeneSis of Uropygi, Amblypygi, 
Araneae and Ricinulei but disappears later [20, 21, 76. 107, 125]. Thus the axoneme is not 
surrounded by its genuine membrane in the mature spermatozoa of these taxa (Figs 3e, 6a, b). 

It is important to note that the flagellar tunnel separates the flagellum from the mitochondrial 
sheath (in scorpions) or mitochondrial ring (in pseudoscorpions). In Amblypygi and the early 
derived spider Heptathela, in which a middle piece is still existent, the flagellar tunnel disappears 
before the mitochondria occupy their definite position (Fig. 5). 

A flagellar tunnel appears also in connection with the transient flagellum of Siro. It is 
retained after the axonemal tubules have been withdrawn as a peculiar “crypt” containing 
numerous microvilli [SO, ALBERTI, unpublished]. 

The flagellar tunnel may be derived from the cytoplasmic collar around the flagellar basis in 
xiphosuran sperm. No such structure occurs in Pantopoda (Fig. 1). 

In addition to the diversity achieved in arachnids by variations of the basic sperm 
components “new” structures are introduced into this cell type resulting in new structural and 
functional possibilities and extraordinary peculiarities. These are dealt with in the following. 

Vesiculation and vacuoles 

Arachnid spermatozoa are very often rich in vesicles and cisternae, especially those 
belonging to the coiled-flagellate type. These vesicles - at least partly a result of the coiling 
process during which surface membranes are likely internalized - may be arranged very regularly 
under the plasmaiemma (Uropygi/Thelyphomda, Amblypygi) [76, 107, 126] (Figs 2, 5). In 
Araneae and Ricinulei such vesicles and cisternae often contain dense material forming “dense 
streaks” (Fig. 3c). In certain Araneae vesicles fuse to large vacuoles [24], In addition to these 
structures further vesicles are derived by an extended activity of the Golgi apparatus. In Ricinulei 
dark plates are formed early in spermatogenesis and contribute to an intracellular capsule 
enclosing the central components of the mature spermatozoon (Figs 2, 3c) [20]. In the palpigrade 
Prokoenenia wheeleri a huge vacuole dominates the large cell, which was previously thought to 
be a spermatophore (Fig. 2). The spermatozoa of certain Acari/Anaclinotrichida develop during a 
very complex spermatogenesis a conspicuous vacuole bordered by a complex periphery bearing 
numerous “cellular processes” [5, 42, 63, 131] (Figs 2, 7, 8a,c). Perhaps the pouches of the 
ribbon sperm of related mites are derived from the vesicular precursors of the large vacuole 
characterizing the vacuolate type (Figs 8b) [5, 9, 13, 139-141]. 

Transport fonns - sperm aggregates 

Another aspect which was newly (or independently from non-arachnids) achieved during 
the evolution of spermatozoa of Arachnida is the establishment of secondary events. These 
transform elongate spermatozoa into the already mentioned coiled spermatozoa (Figs 2, 6a, b). In 
Uropygi and Amblypygi the coiling process starts from the posterior (flagellar) part of the cell 
resulting in a spherical mature spermatozoon. It is of interest to note that this coiling process is 
incomplete in the early derived spider Heptathela kimurai (Mesothelae) [89, 103], Only the 
flagellum and posterior part of the nucleus are involved, in the bird spiders (orthognath spiders) 
the coiling is more complete, leaving only the acrosomal region projecting slightly from the 
otherwise more or less spherical cell [26], Finally, in (most) labidognath spiders the whole cel] 
including the acrosomal region is completely coiled or spherical again [12, 15, 24. 39, 92, 93, 
104, 109]. If it is assumed that the spherical shape is the plesiomorphic state within the 
“Pedipalpi”-Araneae, the spiders demonstrate, probably, a nice example of a round about way in 
the evolution of their sperm cells. In Araneae the coiled cell is surrounded by an extracellular 
secretion sheath in different ways (Figs 3e, 6b and see below). 
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The coiling of the spermatid of Pseudoscorpions is a process which largely takes place in an 
extensive vacuole [134], After completion of coiling the vacuole is transformed into smaller 
vesicles or cisternae (Fig. 2). 

Extracellular material or secretions may loosely combine several spermatozoa to form 
aggregates (Scorpiones, Solifugae, Bdellidae/Acari/Actmotrichida) [7, 8, 10, 23] (Fig. 6c, d). In 
Opiliones/Cyphophthalmi the aggregates include dimorphic spermatozoa [80, ALBERTI, 
unpublished] (Fig. 6c). Such sperm aggregaiions in turn may be surrounded by a common sheath 
as in spiders of the families Theraphosidae and Filistatidae (coenospermia) [12, 24, 26. 37], 
Rarely, such aggregates can deviate from the spherical shape. Thus, in Telemidae an elongate, 
rather complex tubular "spermatophore” is found [82]. A peculiarity observed to the author's 
knowledge only in a few Araneae (Dysderidae, Segestriidae, Scytodidae, Sicariidae) is occurence 
of syncytia] spermatozoa (synspermia) [10, 12 24] (Figs 3e, 6b). This fusion (or incomplete 
separation ot spermatids) occurs already within the testis, whereas the coenospermia and 
spermatophores (Telemidae) are surrounded by a secretion sheath in the distal vas deferens as is 
the case in the majority of spiders which encase single sperm cells (cleistospermia) [12. 15, 24], 



FlG. 5. — Late spermatids of: a: Mastigoproctus giganteus (Urapygi-Thdyphonida). b: Schizomtis pal ac to si (Urapygi- 
Schizomida). c: Tarantula marginemactilata. d: Heptathela kimurai (Araneae-Mesothdae), e: Prokoenenia 
wheeferi (Palpigradi). Note that [he spermatid of the palpigradid deviates completely From those of the 
Megoperculata. A synapomorphy of Amblypygi and Araneae may be the po.siceniriolar elongation of the nucleus. 
The spermatids of Schizomtis, Tarantula and Heptathda are drawn in reduced length [ 12], 


Activation, maturation and capacitation 

The spermatozoa of Limulusp&lyphemus remain immotile until they come into contact with 
a component which is released from the egg layer [44]. 

Spermatozoa of many tax a undergo certain modifications after leaving the male by which 
they achieve the capacity to fertilize the oocyte (capacitation) [35]. These transformations may be 
restricted to the molecular level as in mammals or may involve distinct morphological alterations 
[102, 130]. It is evident that these processes have to occur in a taxon-specific way since the sperm 
cells have to cope with a specific environment. In terrestrial animals this is usually the female 
genital tract. Exceptions are species with dermal insemination such as some Onyehophora [94, 
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118, 119] in which the sperm cells migrate through the body cavity. In many arachnids the 
mentioned transformations occur in a rather drastic way. However, these events are poorly 
investigated. The transport form in which the sperm is transferred to the female is changed into 
the fertile, active sperm. 

From Araneae and Pseudoscorpions it is known that spermatozoa uncoil in the female [37, 
40] and only then are fertile [45]. Probably these events are facilitated by the mentioned vesicles 
and vacuoles which may be integrated into the plasmalemma when elongation of the cell occurs. 
This process is well known and very intricate in the vacuolated sperm cells of ticks and some 
mites (Acari/Anactinotrichida). The shape of the cell is completely changed by a tuming-inside- 
out-process which brings the cellular processes to the surface of the cell [13, 41, 42, 63, 101, 
113, 131], After that, the sperm cells are capable of several kinds of motion [60, 101] (see Figs 
2, 7, 8a, c for cells prior to capacitation). 

In ticks, and probably also in anactinotrichid mites with vacuolate spermatozoa, a further 
transformation of the cell occurs prior to insemination. A posterior portion of the sperm cell which 
is invaginated into the cytoplasmic column (inner core), forming a so-called acrosomal canal in 
several species, is also evaginated and contains the nucleus [63, 113], It has been suggested that 
only this nucleus-containing pan of the capacitated spermatozoon enters the oocyte [101, 113]. 

in the ribbon spermatozoa of a related mite, Varroa jacobsoni, the spherical cell transforms 
into an elongate cell with completely new appearance and structures which are probably related to 
the achievement of motility [17], 

In actinotrichid mites, e.g. spider mites (Tctranychidae), spherical spermatozoa become 
irregular and possess filaments in cell processes, probably enabling amoeboid movements [13, 
16, 22, 98], 

Acrosomal reaction 

The acrosomal reaction of Limulus polyphemus is a classical subject of study in 
spermatology and has been described in detail [29.47, 124]. Upon contact of the sperm cell with 
the egg, exocytosis of the acrosomal vacuole occurs. The contents of the vacuole ensures 
attachment to the egg. In about 4 seconds, a 60 Jim long process grows out of the anterior end of 
the cell (so called true discharge). The process contains the acrosomal filament (perforatorium) 
which is uncoiled and remains covered by a membrane (the posterior membrane of the acrosomal 
vacuole to which material derived from the nuclear envelope is continuously added). The 
elongating process rotates, which helps the process to penetrate the extracellular layers of the egg. 
According to [47, 129] the driving force which creates the elongation of the process is The 
consequence of an alteration in the twist of the actin filaments within the acrosomal filament 
(compare Figs la, 3a). 

No other chelicerate sperm cell has been investigated with regard to its acrosomal reaction. 
Because of the structural similarity of the acrosomal complexes of many arachnids it can be 
assumed that the main events are similar to those known from the xiphosuran (Fig. 3). However, 
the numerous peculiarities indicated above urgently need a detailed investigation. 


Fig. 6. — Transport Jo mis of spermatozoa in Arachnids, a: Crypioceihts bonesi iRieinulei), The coiled sperm cell is 
encysted. The cyst wall consists of two dense plates which are intracellular products (see Fig. 3c) Additional 
secretions are added in the vas deferens [20], x 19 000. b: A synspermittm of Segestrio senoculata (Araneae). 
Arrowheads point to the bases of three (of four) axonemes [24]. x 13 250, c: A sperm ball of Siro duricorius 
(Opiliones-Cyphophthalmi) consists ot peripherally arranged infertile sperm cells (large arrowheads) and smaller, 
cup-like lertile spermatozoa (small arrowheads), In the centre of the ball conspicuous secretions are seen (compare 
Fig. _ and [SO]), x 3 350. d: Pile ot 32 spermatozoa arranged in 16 pairs in Eusimonio mirabilis (Solifusae) 171. 
x 7 500, N, nucleus; SE, secretion. 
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Phylogenetic and systematic considerations 

Sperm cells of Chelicerata are evidenlly very diverse and the taxon-specificity of these cells 
offers the possibility to use characteristics of these cells for taxonomic purposes [5, 6. 9, 12, 13, 
32,33,35,138]. 

Among the xiphosurans interesting features have been shown already when comparing the 
only Atlantic species ( Limulus polyphemus ) with the three Indowest-Pacific taxa (Tachypleus 
gigas , T. tridentatus, Carcinoscorpius rotundicauda). Apart from some deviations in the shape of 
the acrosomal vesicle, arrangement of mitochondria and acrosomal filament, the most obvious 
difference is the lack of the central microtubules in the axoneme of the Indowest-Pacific species. 
This is a svnapomorphy of these taxa and demonstrates the result of a long independent evolution 
[18, 147J. 

The few studies on Pantopoda have shown considerable differences between the two genera 
investigated (see above) which corroborates the view that Pycnogonidae is the more derived taxon 
compared with Nymphonidae [84, 97]. The axonemal pattern may be used to ascertain the validity 
of certain species (e.g. Nymphon gracile and N. rubrum) as separate taxa [52], 

Within the Arachnida, only in the Opiliones [78, 81, 125] and Acari [5. 6, 9, 13] have 
systematic considerations been undertaken on the basis of a sufficiently wide range of taxa. Some 
encouraging aspects emerged also from the recent studies of “Pedipalpi” and Araneae [14, 21,24, 
26, 76, 82, 92, 126]. 

All of these sperm cells are, despite their wide range of complexity, capable of transferring 
the male's genetic information to the female germ cell. It is very challenging trying to trace the 
evolution of the sperm cell through the branching phylogenetic tree looking for a more 
comprehensive understanding of the alterations of this cell type. It is obvious that this is a long 
lasting project which leaves much work for the future. Arachnida represent a very old taxon, so 
there are not only the usual gaps in knowledge (which could be closed by future research) but also 
those caused by extinction of large taxa [36, 70, 86, 105, 136, 137]. Thus the extant major taxa 
of Arachnida are quite isolated from each other. Spemiatology may provide a tool to bridge gaps 
in taxonomic understanding between these extant taxa. Furthermore it has to be kept in mind that 
convergences may also occur at the cellular level. Some examples were already mentioned: 
displacement of axonemal base to the anterior (C>rpfocc//u.s/Ricmulei, Tetragnatha/Araneae.), 
9x2+0 axoneme (Tachypleus, Carcinoscorpius/Xiphosma., Scorpiones in part, 
Linyphiidae/Araneae). deep implantation fossa {Schizomus! Uropygi. some Araneae such as 
Pholcus), helical or corkscrew appearance of sperm head (Buthus/ Scorpiones, Pseudoscorpiones, 
“Pedipalpi”- Araneae). (In Araneae, this corkscrew appearance in Pholcus phalangioides is 
profoundly different from all other spiders and is thus probably an autapomorphic peculiarity of 
this taxon) [12, 24] (Fig. 4). Most likely another convergence is demonstrated by the shaping of 
the spermatid under the influence of “acrosomal” material (Nemastom a/Opi 1 iones, vacuolate type 
ot sperm/Acari-Anactinotrichida) (Fig. 8e). Different types of “envelopes” are found in the coiled 
sperm: extracellular ones (Pseudoscorpiones, “Pedipalpi”, Araneae) and intracellular ones 
( Cryptocellus/Rici nulei) (Figs 3e, 6a,b). Some of these convergences are easily recognized by 
fine structural analysis or observation of spermiogenesis. others need comparison with related 
taxa on a wider scale. 


Fig. 7. — Sperm types in Acari. Asterisks indicate genera and corresponding higher taxa [modilied from 13]. Spermatozoa 
of Antennophorina are probably intermediate between vacuolated type and ribbon type [Alberti & Blaszak 
unpublished] Nme that spermatozoa of Actir.cdida exhibit a diversity which can hardly be depicted here (compare 
[6, 13]). See also Fig. V with resped to Gamasida. 
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Thus spermatology may at least shed some new light on systematical interpretations and 
may induce a reconsideration of certain traditional ideas. Some examples of relationships which 
were suggested previously and which could be viewed at in the light of the new spermaiological 
findings are: Pseudoseorpiones-Scorpiones [148]; Pseudoscorpiones-Solifugae [69, 114, 117, 
136, 137]; Uropygi-Acari [111]; Solifugae-Acari/Actinotrichida [67, 149]; Acari/Anactinotrichida 
-Acari/Actinotrichida [83, 53, 91. 117, 136, 137]; Opiliones/ Ricinulei-Acari [30, 88]; Opiliones- 
Acari [83, 108, 114]; Ricinulei-Acari [53, 91. 117]; Ricinulei-Acari/Anactinotrichida [69]; 
Pedipalpi-Palpigradi [83, 110]; Schizomida-Palpigradi [38, 132J; Palpigradi-Acari/ Actinotrichida 
[69]. In some cases it was already possible to bridge some gaps or solve open questions. 

The well known example of the 9x2+3 axoneme uniting “Pedipalpi” with Araneae was 
already mentioned (Fig. 3e). This finding was not surprising from the viewpoint of the 
systematise (w'ho had known for a long time that these taxa are closely related because of other 
character states: Megoperculata) [137], but it was important to recognize that spermatology may 
function as a taxonomic tool in Arachnida [21,76, 103, 107, 112], However, the main problem 
with these taxa is concerned with the relationships within the group Megoperculata. Are Uropygi 
and Amblypygi sister groups and are they together (as Pedipalpi) the sister group of the taxon 
Araneae [117]? Are Amblypygi and Araneae sister groups (= Labellaia) [137] forming the sister 
group to Uropygi? Does the term “Pedipalpi” thus describe a monophyletic or paraphyletic taxon 
[71)? Moreover, do the Uropygi really constitute a natural (monophyletic) group? Several authors 
have divided this taxon into Thelyphonida (=Uropygi s. strict.) and Schizomida (= micro whip 
scorpions) [90. 96, 97]? Are the Palpigradi closely related to the “Pedipalpi” (especially to 
Uropygi-Schizomida) as several authors have suggested [38, 83, 110, 132; see also 117]? 
Spermatology may at least point the direction of a solution of these questions (Fig. 5). In Araneae 
the nucleus of the sperm cell extends with a postcentriolar nuclear elongation beyond the base of 
the axoneme making the nucleus and the whole cell asymmetrical. In Amblypygi the same 
asymmetry of the nucleus is found, though less pronounced. Araneae and Amblypygi are thus 
united by the presence of this nuclear elongation as a synapomorphy (shared derived character). 
The presence of a middle piece in the Amblypygi and the early derived spider Heptaihela kimurai 
(Mesothelae) is. in contrast, considered a symplesiomorphy. On the other hand Thelyphonida and 
Schizomida do not possess a middle piece and a shortened central triplet in the axoneme. Both 
characteristics are probable synapomorphies. The helical nucleus is not developed in a corkscrew 
(with sharpened edges) as in the Amblypygi and Araneae and does not demonstrate a 
postcentriolar nuclear elongation (symmetrical nucleus). These characteristics are most likely 
sympiesiomorphies of the Uropygi. Thus the spermatological results would support the view that 
the taxon “Pedipalpi describes indeed a paraphyletic group. There are no spermatological 
indications which would support a close relationship with Palpigradi. Schizomida possess the 


Fig. 8, — Some characteristics of acarine sperm cells, a: Vacuolated-typc sperm in Sejus logouts (Gamasida-Scjina) in 
transverse section. Note the wall of the vacuole provided with numerous so called cellular processes (compare e) 
| Mj. x 14 600, b: Ribhon-type sperm of Parasims herlesei (Gamasida+Parasitina) sectioned transversely. Note 
ribbons (arrowheads) with the paired sacs underneath (5], x 16 500. c: Cellular processes in the spermatozoon of 
Sejus togatus (Gamasida’Sejina). Note different profiles according to level of section through the individual 
processes and filaments within the processes. Large arrowheads indicate microtubules, small arrowheads indicate 
Hat acrosomal cisterna (compare e). x 84 000. d: Spermatozoon of Cyiu latirostris (Actinedlda), This type of 
sperm may be regarded as representative (ple.siomorphic) of at least a great part of the very diverse Actinedrda (see 
Fig. 7). Arrowheads indicate coils of the acrosomal filament [6], x 18 500 e: Pan of early spermatid of Epic rins 
mollis (Gamasida-Epicriina), which wilt develop into a vacuolatecLtype sperm. The acrosomal vacuole has 
differentiated into an acrosomal plate, to which the nucleus is attached and from which the acrosomal filament 
arises (arrow), and an extensive flat portion (cisterna) which grow's out under the plasmalernma (arrowheads; 
compare cj [5], x 27 000. A PL. acrosomal plate; AV, acrosomal vacuole; N, nucleus; V, vacuole. 
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typical 9x2+3 axoneme of “Pedipalpi”-Arart£ae (synapomorphy of the Megoperculata), Palpigradi 
have aflagellate spermatozoa (Figs 2, 5). Further it appears that it is not necessary to separate 
Schizomida from the remaining Uropygi because of the mentioned synapomorphies. despite 
differences which include the paracrosomai lattice structure appearing in the late spermatid of 
Schizomus as a transient structure (Figs 3d. 5). The position of the acrosomal filament and the 
deep implantation fossa are most remarkable (Fig. 5) [21, 24. 76. 107, 126]. 

Within the Araneae it was shown that spermatozoa can be transferred to the female as 
numerous individual cells, each surrounded by its own sheath (deistospermia), as numerous 
aggregates of individual cells, surrounded by a common sheath (coenospermia), as one tubular 
“spermatophore” (only in Telemidae) or as numerous syncytial spermatozoa (synspermia) (see 
above). 

Though only few taxa have been studied with respect to these transport-forms it appears that 
the coenospermia are plesiomorphic since these have been observed in the early derived 
liphistiomorph spiders [HAUPT & KOVOOR, 1988 pers. comm.; ALBERTI, HAUPT & 
Schwendinger, unpublished]. Furthermore, representatives of several families of orthognath 
spiders (Atypidae, Antrodiaetidae. Nemesiidae, Dipluridae, Theraphosidae) and of the 
labidognath spider family Fiiistatidae [24, 26, ALBERTI & COYLE unpublished, ALBERTI, HAUPT 
& SCHWENDINGER, unpublished] possess this type of encapsulated sperm. The “spermatophore” 
of Telemidae is regarded by the present author as an autapomorphy of this group of cave dwelling 
spiders since it has been observed only in this family (thus representing a rather isolated 
phenomenon within spiders) and does not show any relationship with spermatophores of 
Amblypygi, the assumed sister group of spiders. It is formed not by accessory glands, which are 
usually involved in spermatophore construction, but by secretions of the vasa deferentia [82], 
Thus these “spermatophores” are established in the same region of the genital tract as the 
coenospermia and are most likely a special modification of these [12, 15, 24], 

Synspermia are obviously an apomorphy. This type of sperm aggregation is not found 
elsewhere within the Arachnida and probably the animal kingdom. Until now, it has been 
observed only in the families Segestriidae, Dysderidae, Scytodidae and Sicariidae. It therefore 
may represent a synapomorphy uniting these (and other?) families of so-called haplogyne spiders, 
a group of Araneae which offers many systematical problems [46, 115] (Figs 3e, 6b). 

The functional significance of the astonishingly diverse spermatozoa of Araneae, regarding 
the general uniform mode of insemination with the male palpal organ, has yet to be fully 
understood (see also Conclusions). However, the knowledge of spermatology is developed 
further in this functional respect and also with regard to systematica] interpretations in Acari [5. 6. 
9, II, 13, 17]. 

The Acari are most often considered to be related to the Opiliones and/or Ricinulei [see 69, 
70, 91, 117, 136, 137 for detailed discussions]. Other candidates are Solifugae and Palpigradi 
[67, 69, 70, 149]. Flowever, it has long been debated what comprise the Acari. Are the Acari 
polyphyletic, diphyletic or monophyletic [see 129]? Aside of some extreme views which for 
example regarded the Opilioacarida or the Ixodidu as independent arachnid groups or at least far 
separate from the (other) Acari [see 111, 116, 123], in the last decades two suggestions have 
mainly been discussed. Some authors support the idea that there are three (Opilioacarida, 
Anactinotrichida, Actinoirichida) major acarine groups [68, 79, 831 others think of two 
(Anactinotrichida including Opilioacarida, Actinotrichida) [53, 55, 69, 70, 85. 91, 97, 150]. 
Spermatology has contributed to these questions the following: from the sperm morphology of 
Opilioacarida, which is almost identical with that of Ixodida (ticks) and certain Gamasida, it is 
obvious that these taxa constitute one group: Anactinotrichida (=Parasitiformes). The vacuolated 
type ol sperm is a synapomorphy of this group (Fig, 7). On the other hand it was demonstrated 
that the spermatozoa ol Actinotrichida (=Acariformes) do not have anything in common with 
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those of Anactinotrichida what could be termed a synapomorphy [5, 6. 9, 13]. Thus, it is at least 
a misleading simplification to consider the sperm cells of, for instance, Ixodida, as typical for the 
Acari as a whole (Fig. 7). 

The problem of systematics of major groups of Acari is reduced by spermatological data to 
diphyly versus monophyly, with two different sperm types to be compared with each other and 
with those of the candidates outside the Acari (e.g. Ricinulei and Opiliones-Anactinotrichida; 
Solifugae and Palpigradi-Actinotrichida). No decision solving these questions for sister group 
relationships can yet be made (compare Fig. 2). The evolutionary distance between these Laxa is 
probably too large [see for details 13]. At present the spermatological data also do not indicate that 
one of the major mite groups developed from part of the other, which would then be a 
paraphyletic taxon [see 30, 88]. 

Comparing sperm cells of Acari on a broad basis of taxa it was possible first to detect the 
profound difference between spermatozoa of Anactinotrichida and Actinotrichida (Fig. 7). 
Further, within the Anactinotrichida the vacuolated type turned out to be the plesiomorphic type 
from which other types (ribbon type and its subtypes) have developed [5, 6, 9, 13, 17, 139-141], 
From this basis it was, at least in part, possible to trace the evolution of the sperm cell within the 
Anactinotrichida (Fig. 9). It was deduced that the vacuolated and ribbon type are correlated with 
different modes of insemination. In those taxa possessing vacuolated spermatozoa (Ixodida, 
Gamasida in part) sac like spermaiophores are transferred to the female (reproductive behaviour of 
Opilioacarida and Holothyrida is not known). The gnathosoma manipulates the very complex 
spermatophore [53, 61] to the female genital opening located medioventrally. Capacitated 
spermatozoa (see above) migrate through the oviducts into the tubular ovary where fertilization of 
oocytes, most likely, occurs [43], In those laxa having the ribbon type (Gamasida in part: 
Parasitina and Dermanyssina), the ovary comprises a nutritive tissue probably derived from sister 
cells of the oocytes [3, 25]. The ovary is a solid organ. It is thus necessary that female tissues are 
penetrated by the ribbon spermatozoa during their migration to the oocytes. There is growing 
evidence that this penetration results in a migration of spermatozoa through the haemocoeie in 
Parasitina to the ovary [11, 13]. In Dermanyssina specialized paired sperm induction pores are 
found in a peculiar lateral position at the bases of legs TII or IV [11, 17, 31, 50, 54, 57], The 
question is, how was it possible to change the fertilization site during evolution of these taxa with 
spermatozoa apparently extremely derived (vacuolated type) and adapted to special conditions of 
the female genital system. However, knowing the situation in Parasitina it is not so difficult to 
understand this dislocation of the site of sperm transfer. Only the penetration site had to be 
displaced. Spermatophores were already manipulated with the chelicerae (Parasitina and 
Dermanyssina males have transformed chelicerae for this purpose: spermatotrema, 
spermatodactyl) and spermatozoa, of the ribbon type, were already adapted to penetration and 
migration through female tissues. Further adaptations are found in Dermanyssina regarding a new 
sperm access system which leads the sperm cells from the induction pores (solenostomes) to the 
ovary, displacement of the male genital opening into a prestemal position and reorganization of 
the female genital tract and these in turn result in alterations of spermatozoa of the ribbon type to a 
less complex structure compared to the vacuolated type or the ribbon type of the Parasitina [11, 
13, 17], 

These interpretations which are based primarily on spermatological results, combined with 
studies on anatomy, histology and oogenesis, may very well play a key role in understanding the 
large group of Anactinotrichida and its most successful (species-rich) taxa Parasitina and 
Dermanyssina (Fig. 9). Evidently the modifications can be interpreted in the sense of economy, 
with the development of a nutritive tissue (so called lyrate organ) [95] in Parasitina and 
Dermanyssina as the initial event [11, 13, 17, 25]. It is of interest that comparable differentiations 
occurred in the Acari/Actinotrichida within the spider mites (Tetranychidae: direct sperm transfer 
with penis, migration of spermatozoa through haemocoeie, nutritive cells in the ovary) and 
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Acaridida (penis, secondary copulatory pore, sperm access system leading to ovary) bv 
convergence [13, 16, 22, 98, 145], J 

Thus the case of the Acari not only demonstrates the usefulness of comparative 
spermatology in solving systematica] problems. It also gives an impression how sperm diversity 
has been evolved parallel to phylogenetic alterations with their functional/adaptive implications in 
a restricted taxon. 

Conclusion and perspective 

I hough in recent years knowledge on sperm structure in Cheliceraia has increased 
considerably, many questions remain unsolved. Indeed, the growth in knowledge has shown that 
yet more fascinating problems remain to be investigated onlv some of which can be indicated 
here. 

First, spermatozoa of several taxonomic groups are only known from one (Solifugae, 
Ricinulei, Palpigradi) or very few species (e.g. Uropygi, Amblypygi) and it is evidently 
necessary to examine further representatives. From Solifugae only mature spermatozoa are known 
and studies on spermatogenesis are urgently required to understand the verv peculiar sperm 
morphology as well as the aggregations which they form (Fig. 6d). 

Capacitation processes are only known in (structural) detail from tick spermatozoa and 
similar events (e.g. the turning inside out-process, only to mention the most striking event) 
probably occur also in the vacuolated sperm of the other taxa. But there are indications of 
capacitation of sperm of other acarine taxa (e.g. Anactinotrichida: Varroa jacobsoni; 
Actinotrichida: Tetranyckus urticae, Bdella septentribnalis, Phytoptus aveUanae, Acarus siro and 
Tyrophagus putrescentiae) [5. 17, 19. 22,23, 144], 

In spiders, the synspermia of Dysderidae and also the cleistospermia of Oonopidae possess 
large vacuoles [sec above, 24], Probably these facilitate the process of uncoiling in the female. 
The organelles such as acrosomal vacuole, nucleus and axoneme, are covered w'ith membranes of 
the vesicles/vacuole, which could be integrated into the plasmalemma very quickly. Thus these 
spermatozoa may be regarded as "precapacitated” (being somewhat similar by convergence to the 
vacuolate sperm cells of the mentioned Acari-Anactinotrichida) (see also vesicles at the periphery 
ot sperm of Uropygi and Amblypygi; Fig. 2). As the female genital tract of spiders differs 
considerably [65], these and other specializations (e.g. the lack of mitochondria in some spiders) 
may represent adaptations to these various fertilization conditions. These problems evidently offer 
a broad field for exciting future studies w'hich may be considered under the aspects of sperm 
competition and securing sperm priority. 

Except for Limulus polyphemits sperm, nothing is known about acrosomal reactions in 
chelicerate sperm cells [124]. In most taxa the exact site where the eggs are fertilized is unknown 
or at least speculative. Evidently sperm cells pass through the haemolymphatic space in certain 
mites (Acari: Parasitidae, 1 etranychidae). Are these exceptions or do further examples exist? 
Apparently this passage brought about the development of new genital ducts (sperm access 
system in Dermartyssina) as a reaction of the female comparable to the paragenitalia in bed bugs 
and their relatives. This in turn indicates the strong selective influence which is imposed by the 
females not only on the male genitalia but also on spermatozoa [see e.g. 11, 13, 17, 51 ]. 

Only few chelicerate sperm cells have been investigated with regard to their cytochemistry: 
Limulus polyphemus [124] and two gamasid mites [ 143], The significance of the many enigmatic 
components (vacuoles, vesicles, dense streaks, plates, various filaments, inclusion bodies, etc.) 
could be better understood using appropriate and available methods. 

Even in those groups in which a broad range of taxa has been investigated, such as Araneae 
and Acari, much work is still to be done. Araneae offer many questions, for instance' what is the 
functional significance ot the various transport-forms (coenospermia. cleistospermia, synspermia, 
spermatophores )? Is this diversity related to the male and female copulatory organs which are 
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insufficiently understood [see 65, 73, 87, 121, 122, 128]. How are these encapsulated 
spermatozoa activated and how do they then function? What happens to the enigmatic synspermia 
in the female? 

Sperm aggregates of Solifugae and the enigmatic small opilionids of the genus Siro need 
further investigation. The latter taxon is the only one within the Chelicerata known to have 
dimorphic spermatozoa, albeit of unknown functional significance. Does this phenomenon also 
occur in other Cyphophthalmi? 

The peculiar genital tract of “Pedipalpi”, possessing a pair of glands with holocrine 
secretion of a very unconventional type, offers very exciting interpretations. If these glands could 
be proven to be of testicular origin, the secretory products could represent strongly modified germ 
cells too. This interpretation would be of much interest regarding the relationships between 
“Pedipalpi” and Araneae [see above and 13]. 

The adaptations of sperm cells being transferred via various types of secreted containers 
(capsules, stalked spermatophores of various complexity) [see e.g. with regard to Acari: 27, 61, 
64, 146] need to be studied in more detail. 

Only few studies have focused on the association of microorganisms with spermatozoa [2, 
59, 62], In particular the enigmatic Adlerocystis sp. which is a regular symbiotic associate of tick 
spermatozoa deserves more attention [62]. 

In Acari a broad range of sperm cells from a very high complexity to very “simple” cells is 
observable (Figs 7, 8) All these cells transfer genetic material apparently successfully. Many taxa, 
however, reproduce exclusively parthenogenelically [100]. This is in particular remarkable 
regarding the oribalid mites, a very common group living in almost all soils. It has been suggested 
that in certain taxa a reversion to sexuality may have occurred [99]. An even more striking 
example is represented by the Acaridida (flour mites, house dust mites, feather mites, itch and 
mange mites etc.), which reproduce bisexually and have probably developed from within a certain 
group of oribalids which is known to reproduce exclusively by parthenogenesis. The idea has 
been suggested (as the most parsimonious one) that the Acaridida developed bisexuality, and thus 
sperm cells, secondarily [99, 100], 

Mites demonstrating the most diverse reproductive behaviour are probably one of the most 
promising groups to study the complex interrelationships between behavioural, morphological 
and cytological evolutionary processes on a comparative basis in Chelicerata. Such a study almost 
certainly would give further material for improving systematical concepts. 
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